Self-assembled InAs/InP ͑001͒ quantum wire stacks have been investigated by means of Raman scattering. The characteristics of the observed vibrational modes show clear evidence of confinement and atomic intermixing between As and P atoms from the wire and the spacer. The change in the intermixing with spacer layer thickness and growth temperature is investigated. Likewise, the effect of annealing on the exchange of As and P atoms is also studied. Resonance effects in confined and interface phonons are discussed for excitation in the vicinity of the InAs E 1 critical point. Finally, the energy of the interface modes is related to the structural characteristics of the wires by comparing the experimental data with a lattice dynamic calculation based on the dielectric continuum model.
I. INTRODUCTION
The interest in the optical properties of self-assembled InAs/InP quantum wires ͑QWrs͒ and quantum dots ͑QDs͒ grown in the Stranski-Krastanov mode has been motivated by their promising applications in optoelectronic devices operating in the 1.30-1.55 m wavelength range employed in telecommunication systems. 1, 2 More specifically, it has been demonstrated that in InAs/InP QWrs and QDs, the combination of strain, carrier confinement, and control of As/P substitution can be used to tune the band gap and photon emission in the near-infrared spectral region. 3 Besides photoluminescence studies, several investigations on Raman scattering ͑RS͒ in InAs/InP nanostructures ͑mainly QDs͒ have been performed in the past. 4, 5 These have led to the identification of As/P intermixing through the vibrational structure observed in the dots, as well as the determination of the compressive strain in the nanostructures via the blueshift of their phonon wavenumbers when compared to those of bulk InAs. 6, 7 Little work has been devoted to the study of the vibrational properties of self-assembled QWrs, although their distinctive two-dimensional confinement presents peculiarities when compared to the Raman spectra of QDs. 8 In the present work we make use of RS for the investigation of the vibrational spectra of stacks of InAs/InP QWrs with various spacer thicknesses. The work is organized as follows. In Sec. II we describe the conditions for sample growth and the experimental setup. In Sec. III we discuss the results of our measurements and modeling. Conclusions are drawn in Sec. IV.
II. EXPERIMENTAL DETAILS
Two series of InAs QWrs grown on ͑001͒ InP by solidsource molecular beam epitaxy have been investigated in this work. The first series was grown at a temperature of 380°C ͓denoted in what follows as low temperature ͑LT͔͒ and consists of three samples denoted as LT1-LT3. The second series, comprising four samples, was grown at a higher temperature ͓515°C, denoted in what follows as high temperature ͑HT͒, samples HT0-HT3͔. The characteristics of the samples are detailed in Table I and differ mainly in the thickness of the InP spacer. High-resolution transmission electron microscopy shows that the QWrs are oriented along the ͓110͔ direction. 4 Concerning their size, the wires of the HT series were found to be nearly a factor of 3 higher than those of the LT series, with average sizes of ͑width/height͒ 12.8 nm/1.2 nm for the HT series and 10.3 nm/3.2 nm for the LT series. In both series the mean length of the wires is 1 m. 9 The structural characteristics of the samples have been summarized in Table I . RS measurements were carried out in a Jobin-Yvon T64000 triple spectrometer equipped with a confocal microscope and a nitrogen-cooled charge-coupled device detector. The spectra were taken in backscattering geometry in the z͑x , x͒z, z͑y , y͒z, and z͑x , y͒z polarization configurations ͑x a͒ Electronic mail: ana.cros@uv.es. = ͓110͔, y = ͓110͔, and z = ͓001͔͒. A 100ϫ microscope objective was used to focus the light to a 1 m spot on the sample surface and collect the scattered signal to the spectrometer. The samples were excited by the 488 nm line of an Ar + laser and the power density was kept at 200 W cm −2 to avoid undesired sample heating. In the measurements under resonant conditions, several lines of an argon ion laser comprising a wide energy range ͑2.40, 2.47, 2.50, 2.54, 2.60, 2.62, 2.71, and 2.73 eV͒ were used. The annealing of the samples at different temperatures was done in a Linkam TS 1500 heating stage. The Raman spectra were first recorded at room temperature. Next, the hot stage was raised from RT ͑25°C͒ to 225°C at a rate of 20°C / min. After 10 min at this temperature, the sample was cooled down to RT, and a spectrum was recorded. This procedure was repeated by heating up to 325, 425, 525, 625, 725, 825, and 875°C, recording the corresponding Raman spectra at RT for each annealing temperature.
III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Analysis of the Raman modes and influence of the spacer thickness
Let us examine first the micro-Raman spectra of sample HT1 recorded using 2.54 eV ͑488 nm͒ as excitation energy, shown in Fig. 1 for the various polarization configurations. The plasma line at 221.0 cm −1 marked as P in the figure has been used to calibrate the spectra with an uncertainty below Ϯ0.4 cm −1 . Taking into account the selection rules of RS in bulk zinc-blende semiconductors in backscattering geometry along a ͑001͒ surface, longitudinal optical ͑LO͒ phonons should be only allowed in parallel polarization, while transverse optical ͑TO͒ modes should be forbidden. We found that the normal vibrations of both wires and spacer materials violate these selection rules. Concerning interface ͑IF͒ vibrations, the current theory 10 predicts four modes. A pair of symmetric and antisymmetric modes can be assigned to each material at the IF. Symmetric IF modes ͑IF s ͒ are allowed in crossed polarization and antisymmetric ones ͑IF a ͒ in parallel polarization, but their observation requires a nonzero wavevector component parallel to the IF. As can be seen in Fig. 1 , IF a and IF s modes are observed in both polarization configurations, although they are weaker in the forbidden one. Various effects may be the cause of the violation of the selection rules. First, the scattering of the light may take place along different crystallographic orientations due to its interaction with various crystalline facets. This effect has been observed in similar heterostructures. 7, 8 Second, Raman measurements were taken near resonance to the E 1 band gap of the wires, and it is well known that the Fröhlich interaction near resonance may cause the breakdown of the selection rules for polar phonon modes.
The observed peaks may be grouped in a low energy ͑ Ͻ 250 cm −1 , InAs-like͒ and a high energy ͑ Ͼ 300 cm −1 , InP-like͒ region. Let us consider first the characteristics of the high energy side. The peaks at 342 and 303 cm −1 can be attributed to the LO and TO phonon modes of the InP barrier, respectively. Their Raman shifts are very similar to those found in previous reports for the bulk material. 11 As commented before, the broad structures observed around 310 cm −1 and the peak at 333 cm −1 can be attributed to antisymmetric and symmetric IF modes, respectively, in which the P atoms have the maximum amplitude of vibration. This assignment will be discussed later based on a comparison with a theoretical calculation. 12 The low energy region of the spectra, corresponding to the InAs wires, presents a richer structure. Three phonon modes between 200 and 240 cm −1 appear in both polarization configurations and are assigned as LO 1 , LO 3 , and LO 5 modes. According to their frequency and taking into account the bulk InAs dispersion curve, 13 they can be classified as LO confined modes.
14 This assignment is further confirmed by the resonant behavior of these modes when excited with energy close to the E 1 transition of InAs ͑Sec. III C͒. The energy of the LO 1 mode corresponding to the InAs wire is the same in both series and is nearly coincident with the LO phonon mode of bulk InAs ͑239.8 cm −1 ͒, indicating that the QWrs are almost relaxed. The broad structure at 234 cm −1 labeled as IF a corresponds to an antisymmetric IF mode in which the As atoms have a large oscillation amplitude in comparison to P atoms. This assignment will be discussed later in combination with the calculations and is supported as well by its behavior under resonant excitation. The peak denoted as InAsP exchange is observed in all polarization configurations but appears more clearly in z͑y , y͒z គ, that is, when the polarization of the incident and the scattered light lies along the QWr direction. It has been attributed to the exchange of As and P atoms during the formation of the QWrs ͑Ref. 7͒ and will be discussed below in relation to the effect of annealing, spacer thickness, and growth temperature. Figure 2͑a͒ shows the comparison of the micro-Raman spectra of samples HT3 and LT3 recorded in the z͑x , x͒z គ polarization. Both series display the same peaks, but their intensities and frequencies differ. Concerning the peaks related to InP ͑high energy side͒, the main difference corresponds to the intensity of the IF a mode, which is larger in the LT series than that in the HT series. The same difference can also be observed in the IF a mode related to InAs at 234 cm −1 , much more pronounced in the LT series. These differences reflect the larger amount of material occupying interfacial positions in the QWrs of the LT series due to their The changes are only significant for the InAsP-exchange mode. For the HT series, the frequency of the mode shifts upward 2 cm −1 for spacer thicknesses larger than 5 nm. In the LT series this shift is only observed for the LT2 sample ͑10 nm spacer thickness͒. The blueshift is an indication of a larger P content in wires separated by a larger amount of InP. Considering the energy of the InAs x P 1−x mode, its composition changes from x Ͼ 0.6 for small spacer thicknesses to x Ͻ 0.6 for a spacer thickness of 20 nm ͑HT series͒. Due to the slow variation in the frequency of the InAsP phonon mode with P content, it is difficult to evaluate x more precisely. In general, in our results, the intermixing is also observed to be larger in the samples grown at higher temperatures, in accordance with the work of Fuster et al. 4 However, sample LT2 displays larger P content than expected. The influence of the size of the QWrs on its optical properties is observed in the Raman spectra when the polarization of the incident light is parallel ͑along y = ͓110͔͒ and perpendicular ͑along x = ͓110͔͒ to the QWr direction. The peaks associated with LO and InAsP phonons experience a small redshift when the polarization is changed, the frequency change being larger for the InAsP mode ͑1-2 cm −1 ͒. As shown in Figs. 3͑a͒ and 3͑b͒
for LT and HT series, respectively, this anisotropy, characteristic of the nanostructure and absent in bulk and QDs, is highest for samples with spacer thicknesses d͑InP͒ =5 nm and d͑InP͒ = 10 nm. It is not clear if this effect can be ascribed to the coupling of the LO and TO phonon modes in the QWrs, as predicted by Comas et al. 15 In any case, the observed anisotropy is in accordance with the work reported by Gippius et al., 16 where a strong linear polarization of the Raman signal along the wire axis in uncapped QWrs is observed. In that case, the anisotropy was ascribed to the spatial distribution of the electric component of the electromagnetic field in the vicinity of the QWr.
16
B. Effect of annealing on the As/P exchange
Usually the InAs/InP quantum structures are fabricated at low substrate temperatures of ϳ500°C or lower. However, the temperature must be increased to grow high-quality InAs caps and InAsP layers, which are essential for lightemitting devices. Therefore, the effects of HT annealing on quantum structures are important and many works indicated that HT annealing introduces severe changes in the structure shape, size, and composition of the wires. 17 Since annealing is known to favor As/P exchange at the nanowire surface, we have analyzed the changes induced by annealing in the vibrational modes of the QWrs. Figure 4͑a͒ shows the Raman spectra of sample HT1, as grown and after annealing at 525 and 875°C ͑see details of the annealing procedure in Sec. II͒ recorded in the z͑x , x͒z គ configuration. The spectra were normalized to the InP LO phonon mode for comparison. An important increase in the intensity of the mode related to InAsP is observed for annealing temperatures higher than 875°C, with a simultaneous redshift in the energy of the LO, IF, and InAsP phonon modes ͓Figs. 4͑b͒-4͑d͔͒. These variations can be explained by considering an increase in the P diffusion length inside the wires, with a small decrease in their mean P content. At the same time, the size of the remaining InAs material decreases, with a consequent redshift in the InAs LO and IF modes due to confinement effects. From the Raman shift in the InAsP-exchange mode, we estimate 18, 19 that the concentration of As in the InAsP alloy after HT annealing is around 65%.
C. Resonant Raman in the vicinity of the InAs E 1 critical point
Finally, we have analyzed the evolution of the Raman peaks under various excitation energies around the E 1 critical point of InAs located at 2.61 eV. 13 Figure 5͑a͒ shows the spectra corresponding to sample LT2 taken in parallel polarization. A resonance enhancement of the LO 1 phonon mode takes place in the vicinity of 2.5-2.62 eV, as can be observed from the evolution of the intensity of the mode with excitation energy shown in Fig. 5͑b͒ . The intensity of the InAs IF mode increases as well, but it does not present a clear maximum in this energy interval, indicating that the resonance may occur at somewhat higher energies for this mode. This can be understood by taking into account the mixed InAs/InP nature of the vibration and considering that the E 1 electronic transition of bulk InP is higher in energy ͓3.1 eV at 300 K ͑Ref. 5͔͒.
D. Model calculation for the interface phonons in an elliptical quantum wire: Application to the InAs/ InP "001… system
The interpretation of the Raman spectra presented above and the assignment of the observed phonons may be improved by the use of a theoretical model 12 that takes into account the size and shape of the QWrs and allows the calculation of the energy of the IF phonon modes. Due to their small dimensions, phonon modes of semiconductor QWrs are strongly affected by confinement, giving rise to confined and IF modes. 14, 15 To relate the energy of the IF modes to the structural characteristics of the wires, we have made use of the anisotropic dielectric continuum model. 12 This model will be applied to a system consisting of a single wire with dielectric function 1 embedded in a second material with dielectric function 2 . The dielectric function of the system can be written as
where i = 1 corresponds to the material of the QWrs and i = 2 to that of the barrier. For an infinite wire of elliptical cross section, with major axis R and minor axis r, the potential can be separated in elliptical coordinates ͑u , ͒ in an angular ͓V͑v͔͒ and a radial ͓U͑u͔͒ contribution,
where the parameter ␣ is quantized and is related to the phonon eigenvalues for a given phonon wave vector q 2 = k 2 ͑r 2 − R 2 ͒ / 4 Ͻ 0. The solutions to these equations fall into four different symmetry classes depending on the sign of the potential upon reflection at the IF. According to this symmetry, the mth eigenvalue of ␣ ͑␣ m ͒ will correspond to a symmetric or antisymmetric IF mode, and its corresponding eigenfunction is given by a periodic Mathieu function, 20, 21 finite near u = 0. The phonon dispersion relations at k = 0 are given by
where m is a positive integer for symmetric and antisymmetric IF phonon modes. The last equation indicates that the frequency of the IF phonons will depend only on the r / R ratio. For a wire with an elliptical cross section, the frequencies m ͑k͒ of the IF modes lie in the frequency region of each material compound constituting the system ͑wire and spacer͒, with TO,1 Ͻ m,1 Ͻ LO,1 and TO,2 Ͻ m,2 Ͻ LO,2 .
For comparison with the samples studied in this work, Eq. ͑4͒ has been solved for the case of an InAs elliptical wire, taking R and r of the LT and HT series as given by the atomic force microscopy characterization of the samples and with InP as the barrier material. The parameters given in Table II Within each series, the frequency of the IF modes does not change appreciably, in agreement with the fact that the aspect ratio of the QWrs remains almost constant when the thickness of the spacer is changed. Therefore, in Fig. 6 we have only included the values corresponding to samples LT1 and HT1. Both antisymmetric and symmetric IF phonons were observed for the InP barrier in the experiment. For the InAs QWrs, the symmetric mode is hidden behind a laser plasma line and it had not been possible to discriminate it. However, a small shoulder in the low energy side of the plasma line indicates its presence around 222 cm −1 ͓see Fig.  1 , z͑x , x͒z configuration͔. For the LT series the calculated IF vibrations are in excellent agreement with the observed Raman peaks. Concerning the HT series, the theoretical result overestimates the value of the InAs related IF phonon ͑low energy branch͒. This small discrepancy may be understood by considering the different sources of phonon frequency shift in the wire material. For a perfect heterostructure two contributions should be considered: An in-plane compressive strain of the wire results in an upward frequency shift. On the other hand, confinement effects downshift the phonon frequency due to the negative dispersion of the LO phonons. 23, 24 The experimental results show that the QWrs are almost relaxed, so that we can rule out the first effect. The downshift experienced by the phonon mode of the HT series can be thus attributed to the larger phonon confinement effect for this series. In the LT series, due to its larger height, this effect is very small.
IV. CONCLUSIONS
In this work, we have investigated the vibrational modes of InAs/InP QWrs by RS. The QWrs LO and TO modes were found to violate the expected bulk selection rules while the IF phonons follow them. The QWr IF mode frequencies are in good agreement with the results of the dielectric continuum model, with a more significant influence of confinement in the HT series than in the LT one. The P/As atomic exchange reflects the presence of a LO mode related to the ternary alloy InAsP. The P content of this alloy is larger for samples of the HT series. After annealing, the amount of alloy present in the samples increases, while its P mean content decreases slightly. At the same time, there is a decrease in the size of the wires. The resonance observed for the InAs LO 1 and InAs IF modes in the vicinity of the E 1 critical point reinforces their assignment. 
